BECERRA VEL~SQUEZ, V.L., and GEPTS, P. 1994. RFLP diversity of common bean (Phaseolus vulgaris) in its centres of origin. Genome, 37: 256-263. Eighty-five wild and cultivated accessions of common bean (Phaseolus vulgaris L.), representing a wide geographic area in the centres of domestication were tested for restriction fragment length polymorphisms (RFLPs). Genomic DNA was digested with one of three restriction enzymes (EcoRI, EcoRV, and HindIII) and hybridized to 12 probes distributed throughout the common bean genome. Accessions could be classified into two major groups with a distinct geographical distribution in Middle America and the Andes. Within each gene pool, cultivated accessions clustered together with wild forms from the same geographical area supporting the multiple domestications hypothesis for this crop. Estimates of Nei's genetic distances among the cultivated races from the two different gene pools varied from 0.12 to 0.56 and among races from the same gene pool from 0.04 to 0.12, suggesting that the divergence in Phaseolus vulgaris has reached the subspecies level. The level of genetic diversity (HI = 0.38) was twice the value obtained with isozyme analysis. Genetic diversity within races (H, = 0.27) was four to five times higher compared with isozymes, but genetic diversity between races (D,, = 0.11) was similar for both categories of markers. These results corroborate previous studies on the characterization of genetic diversity in common bean that clearly showed two distinct gene pools, Middle American and Andean. Moreover, RFLP markers are superior to isozymes because they provide better coverage of the genome and reveal higher level of polymorphisms.
Introduction
Common bean (Phaseolus vulgaris L.; 2n = 2x = 22) is an annual leguminous crop that originated in the America and is now grown worldwide. It is especially important in Latin America and eastern Africa, regions that account for 47 and 24%, respectively, of global production of dry bean (Pachico 1989) . The wide variety of environments under which this species is grown has led to substantial phenotypic variation, especially for growth habit, seed type, phenology, and photoperiod sensitivity (Wallace 1985; Debouck 1991 ; Voysest and Dessert 1991) . This high level of morphological and physiological diversity, together with the widespread geographic distribution, had until recently obscured the actual pattern of domestication and genetic relatedness among cu1-tivars. Phenologically similar genotypes may not be geno- h~, Chile; D, Durango; J, Jalisco; M, Mesoamerica; N, Nueva Granada; P, Peru.
In the work reported here, we extend these observations based on seed protein and isozymes to an analysis of RFLP levels and geographic distribution. A sample of wild and cultivated accessions from the Middle American and Andean groups was analyzed with 12 homologous probes. Our results confirm the high levels of RFLP and the divergence between Middle American and Andean genotypes observed previously in common bean ).
Materials and methods

Plant material
Eighty-five common bean accessions were screened for RFLP diversity (Table 1) . Germplasm accessions were selected among cultivated genotypes and wild relatives to represent the range of genetic diversity based on phaseolin and isozyme diversity data Koenig and Gepts 1989; Koenig et al. 1990; Singh et al. 199 1c) 
Clones
Ten low-copy number clones of unknown function were chosen at random from a PstI Phuseolus vulgaris genomic library 
DNA isolation, digestion, and electrophoresis
Four or more plants from each accession were grown in the greenhouse for DNA extraction. Samples of young and healthy leaves were harvested before flowering, bulked, and frozen at -70°C for future DNA extraction. Approximately 5 g of leaf tissue from each accession were used to isolate DNA as described earlier Gepts et al. 1992) . Digestion with restriction enzymes and agarose gel electrophoresis were performed according to Nodari et al. (1992) and Gepts et al. (1992) .
DNA Southern transfer and hybridization
The DNA fragments were transferred to Zetabind membranes following the protocol of the manufacturer (AMF-CUNO, Meriden, Connecticut), as were the Southern hybridizations. Thirty to 40 ng of the bean genomic DNA insert was labeled with [ 3 2~ ] d~~~ using the random primer method (Feinberg and Vogelstein 1983) . Labeled DNA was separated from unincorporated nucleotides by chromatography on a Sephadex G-50 column. Membranes were hybridized for 20 h at 42°C. After hybridization, membranes were rinsed twice with 2X SSC, 0.1 % SDS, and 0.1 X SSC at room temperature for 15 min and once with 0.1 X SSC, 0.1 % SDS at 60°C for 1 h. X-ray film was exposed to the blots in the presence of intensifying screens at -70" for 2-3 days.
Scoring of polymorphisms
Fragment lengths in autoradiography were scored by measuring the distance of migration from the wells. These distances were plotted and regressed to a standard curve of lambda DNA digested with HindIII, which included fragments from 125 bp to 23 kbp. To facilitate consistent scoring, two control accessions, ICAPijao from the Middle American gene pool and California Dark Red Kidney from the Andean gene pool, were included on all membranes. Data were scored as the presence or absence of bands (0, absence; 1, presence).
Statistical analysis
To calculate genetic distances, a single, randomly chosen band per probe was analyzed to avoid weighting results in favor of probes revealing multiple bands. Individual analyses of restriction fragment diversity following digestion of genomic DNA by each of the three restriction enzymes were conducted as was a joint analysis with the three data sets.
Estimates of total gene diversity (H,), as well as the partitioning into intrapopulation (H,) and interpopulation (D,,) gene diversity, were calculated from the allele frequencies of restriction fragments in each cultivated race and in each wild type according to Nei (1987) . Dendrograms based on Nei's genetic distance were constructed based on the unweighted paired group method (Sneath and Sokal 1973) with the SAHN program of NTSYS, version 1.6 (Rohlf 1990 ). In addition, a principal component analysis was conducted using the PRINCOMP program of SAS Institute Inc. (1988) based on the covariance matrix of RFLP frequencies in the eight groups considered in this study (wild Middle American, three Middle American races, wild Andean, and three Andean races).
Results
Restriction fragment patterns a n d polymorphisms Genomic DNA in this study was digested with three restriction enzymes (EcoRI, EcoRV, and HindIII) that had revealed the highest level of polymorphism in previous studies . Hybridization was performed with 12 probes. Ten of these probes originated from a PstI genomic library ) and two were sequences of known functions, chalcone isomerase (CHI; Mehdy and Lamb 1987) and chalcone synthase (CHS; Ryder et al. 1984) . The map location of the majority of the probes had been determined earlier. Probes D 1003 Probes D , D 1020 Probes D , D 1026 Probes D , D 1028 Probes D , D 103 1, D 1032 , CHI, and CHS were located on linkage groups DlO, D3, D2, D2, D5, D l , D7, and D2, respectively, whereas probe D 1163 remained unassigned Gepts 1993a; Gepts et al. 1993) . Therefore, with the exception of probes D1026, D1028, and CHS, all probes were unlinked and characterized different regions of the bean genome.
Several probes revealed multiple bands after hybridization to genomic DNA, e.g., CHS and D l 0 3 1 (Fig. I ). Other probes gave patterns with one to three bands, e.g., CHI, D1003, D1028, D1041, D1163, D1020, and Dl042 (Fig. 2) . Multiple bands could be due to the existence of restriction sites within the sequence homologous to the probe or to gene duplication. Although it was beyond the scope of this investigation to distinguish between these two possibilities, independent information available shows that the genes for chalcone synthase constitute a multigene family of six to eight members (Ryder et al. 1987) , which appear to map to a single locus on linkage group D2 Gepts et al. 1993) . Multiple bands revealed by probes Dl031 also mapped to a single locus on linkage group D5 Gepts et al. 1993) .
The level of polymorphism observed in the entire data set was 70% when considering all probe-enzyme combinations. Polymorphism among the Middle American genotypes was somewhat higher than among the Andean genotypes (76 vs. 63%). Compared with the results of Nodari et al. (1992) , between-gene-pool polymorphism was lower in this study, but within-gene-pool diversity was higher. In addition, restriction enzymes showed differences in their efficiency of detecting polymorphisms. The highest level of polymorphism among the 85 accessions was detected when genomic DNA was digested with EcoRV (75% of the probes showed a polymorphism), followed by HindIII (70%) and EcoRI (62%). These observations confirmed the results of Nodari et al. (1992) . Some probe -restriction enzyme combinations failed to reveal any polymorphism in the sample analyzed here: e.g., Dl032 with EcoRI and EcoRV. Genome Downloaded from www.nrcresearchpress.com by Calif Dig Lib -Davis on 10/27/12
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Genetic distances
Phenetic dendrograms of genetic distances were calculated for four data sets corresponding to the three individual restriction digestions and the pooled data. The four dendrograms clearly showed the existence of two major groups of genotypes with a distinct geographical distribution (Fig. 3) . In general, cultivated genotypes clustered with wild accessions from their respective geographic areas. Wild accessions in the upper branch included material from Mexico, Central America, and Colombia. Cultivated accessions in the upper branch included cultivars from Mexico, Central America, Colombia, and Brazil. Wild accessions in the lower branch included materials from Peru and Argentina. Cultivated accessions in this branch included accessions from the Andean region (Colombia, Ecuador, Peru, and Chile) and Brazil. Exceptions to this pattern included two cultivars that had been classified as Andean based on phaseolin and isozyme data but were classified as Middle American based on RFLP data: 'Nuiia callashina' from Peru and 'Cargamanto' from Colombia. Conversely, accessions 'Rabia de Gato' from Guatemala, 'Sal' from the U.S.A., 'Negro redondo' from Ecuador, and GI0008 and G11056 from Mexico were classified as Andean genotypes based on RFLP data, although they had previously been classified as Middle American materials based on phaseolin and isozyme data.
Within the two major branches, clustering of the three races and their respective wild progenitors differed among the four data sets. This observation suggested that the distinctions among these groups are not as marked as the differences between the Middle American and Andean gene pools. Comparisons among races belonging to different gene pools showed genetic distances ranging from 0.12 to 0.56 (Table 2) . Genetic distances within gene pools ranged from 0.04 to 0.12. Conversely, genetic identities ranged from 0.89 to 0.96 within gene pools and from 0.61 to 0.89 betwen gene pools (not shown).
Genetic diversity
The total observed gene diversity (H,) for RFLPs based on the EcoRV data set was twice the value obtained for isozyme markers (Koenig and Gepts 1989; Singh et al. 199 1c) (Table 3) . Similar values were obtained for the data sets based on the EcoRV, HindIII, and joint data sets.Variation within cultivated races and the two wild bean groups (H,) was four to five times higher for RFLP markers than for isozymes, but RFLP variation between races and the two wild bean groups (D,,) was similar to that of isozyme markers (Table 3 ). RFLP analyses indicated that the cultivated races of Middle America and the Andes had levels of diversity generally lower than those in their respective wild progenitors (Table 4 ). An exception was the higher diversity observed in race Peru compared with the Andean wild beans.
Discussion
Genetic distances
Cluster analysis and calculations of Nei's distances and identities clearly confirmed the divergence between Middle American and Andean genotypes into two gene pools. This divergence had been observed previously using phaseolin , isozymes (Koenig and Gepts 1989; Singh et al. 1991c) , RFLPs for nuclear sequences ) and mtDNA (Khairallah et al. 1990 (Khairallah et al. , 1992 , morphological data (Singh et al. 1991b) , and F, hybrid weakness (Gepts and Bliss 1985; Koinange and Gepts 1992) .
Within each gene pool, cultivated accessions clustered with wild forms of their respective geographic areas similar to that observed previously for phaseolin Koenig et al. 1990 ) and isozymes (Koenig and Gepts 1989; Singh et al. 1991~) . This parallel pattern of geographic variation between wild and cultivated common bean suggests a pattern of multiple domestication along the distribution area of wild common bean in the highlands of Middle America and the Andes (Gepts 1990 (Gepts , 1993b Gepts and Debouck 199 1) .
The values of Nei's distances and identities between the Middle American and the Andean gene pools (>0. 10 and ~0 . 8 0 , respectively) suggest that the divergence between these gene pools has reached the subspecific level (reviewed in Doebley 1989 Doebley , 1992 ). Further evidence supporting this level of divergence is provided by the existence of partial reproductive isolation leading to F , hybrid weakness in Genome Downloaded from www.nrcresearchpress.com by Calif Dig Lib -Davis on 10/27/12 (Gepts and Bliss 1985; Koinange and Gepts 1992) . The simple genetic control of this reproductive isolation (two complementary genes: Shii et al. 1980) suggests that I? vulgaris may be in the process of speciation. By analogy with rice, which has two major gene pools that are partially isolated, indica and japonica, the two major gene pools of common bean could be labeled mesoamericanus and andinus. Within each gene pool, racial subdivisions established previously based on phaseolin, isozyme, morphological, and ecological variability (Singh et al. 1991a (Singh et al. , 1991 were not as distinct with RFLPs as the divergence between the Middle American and Andean gene pools. There are at least three possible reasons for this observation. First, unlike the Middle American -Andean divergence, which is maintained by marked geographic isolation, races within each gene pool are subject to gene flow, which would tend to blur racial distinctions.
Second, RFLP levels are higher than those observed for phaseolin or isozymes (see below). Independent repeated mutations in different races may lead to accessions that show the same RFLP but do not share an immediate common ancestor. These accessions would show the distinct phenotype characteristic of their respective race, yet be similar for one or more RFLP markers.
Third, races may have a polyphyletic origin. The common phenotype of each race may have resulted from selection operating on several distinct ancestral genotypes. Convergent evolution would then have led to a phenotype characteristic of each race against a diverse molecular background. This hypothesis is supported by the observation that races Durango (Middle American gene pool) and Chile (Andean gene pool) are evolutionarily divergent, yet have a similar phenotype presumably resulting from a common environmental selection pressure, i.e., adaptation to arid environments.
Genetic diversity
The level of gene diversity (Nei 1987) Kesseli et al. 1991) . Differences may be due to inherently different levels of sequence variation among these different species, the types of probe used, sampling effects, and the different definitions of species included in the respective studies.
A comparison with isozyme data obtained by Koenig and Gepts (1989) and Singh et al. ( 1 9 9 1~) shows that RFLPs revealed a substantially higher level of diversity than isozymes. Genetic diversity values among races calculated on the same set of accessions included in both studies were three to four times as high for RFLPs than for isozymes. Variation for RFLPs within races, as defined on the basis of phaseolin, isozymes, morphological, and ecological traits (Singh et al. 1991a (Singh et al. , 1991 , was also higher compared with that for isozymes.
RFLP diversity data in wild and cultivated beans from the two domestication centres did not confirm the marked reduction in diversity suggested by comparable data for the seed proteins phaseolin and arcelin Koenig et al. 1990; Osborn et al. 1988) . They appeared to confirm, however, isozyme diversity data that showed a more limited reduction in diversity during domestication (Koenig and Gepts 1989; Singh et al. 1991~) . Several hypothesis can account for this discrepancy.
First, incomplete sampling of the wild gene pools, especially in the Andes, may lead to lower estimates of genetic diversity. Lack of available materials at the initiation of this study led to underrepresentation of wild populations from southern Peru and absence of wild populations from Bolivia. In addition, to maintain the experiment within a manageable size, the number of wild bean populations was smaller than the total number of cultivated accessions in the Middle American and Andean gene pools.
Second, seed proteins may have a stronger selective effect than isozymes or the gene products of RFLP loci or genes linked to it. Specific phaseolin types found in cultivars may be better suited as nitrogen and carbon sources for the germinating seed in cultivated environments than in natural environment. Phaseolin types found in cultivars may have a superior nutritional value (i.e., digestibility or sulphur amino acid content) than phaseolin types found in wild forms. RFLPs would likely show a more limited reduction because they would be selectively neutral. Multiple domestications, Genome Downloaded from www.nrcresearchpress.com by Calif Dig Lib -Davis on 10/27/12
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gene flow between wild and cultivated forms subsequent to domestication, or frequent mutations at certain loci would have reduced the magnitude of a presumed genetic bottleneck during domestication.
Seed protein loci such as the phaseolin locus may be associated directly, or indirectly through linkage, with an essential element of the domestication syndrome. Hartana (1986) identified a relationship between phaseolin and seed size. This relationship was recently confirmed by quantitative trait loci mapping in two different populations Koinange 1992) . In addition, a relationship between the phaseolin locus and seed dormancy was also identified in one of these populations involving a cross between a wild and a cultivated b e a n . W h e t h e r this association i s d u e t o pleiotropy or tight linkage, selection for increased seed size and reduced dormancy during domestication may have led to inadvertent selection for specific phaseolin types.
O u r results have important consequences for genetic resources conservation and breeding of common bean. The divergence between the Middle American and Andean gene pools suggests that germplasm of both areas should be simultaneously explored and conserved. Because of the divergence between these two gene pools, novel gene combinations could be obtained provided gene transfer and recombination can take place freely. Finally, the high RFLP levels within races suggest that RFLP or other markers such as RAPDs can be used as indirect selection tools in breeding experiments involving more closely related genotypes.
